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responsibility ofAbstract Hybrid mullite sol was synthesized from an aqueous solution of aluminum nitrate (AN),
aluminum isopropoxide (AIP) and tetraethylorthosilicate (TEOS), doped with boehmite sol with
different ratios. Pressureless sintering of the xerogel was carried out at different temperatures in the
presence of boehmite doping. The xerogel and sintered powder were characterized by FTIR,
TG–DSC, XRD, SEM and bulk density. The addition of boehmite caused the formation of
metaphase spinel (6Al2O3  SiO2) crystal before the appearance of mullite phase, which could lead to
the formation of amorphous phase and suppress the premature formation of mullite. Both of these
effects improve the densiﬁcation of mullite. A maximum density about 98% of the theoretical
density (TD, 3.01 g/cm3) of mullite could be obtained for 5 wt% boehmite addition at 1200 1C
pressureless sintering.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Mullite, ideally 3Al2O3  2SiO2, is the only stable phase in the
aluminum–silicate binary system [1]. High purity and ultra ﬁneesearch Society. Production and ho
.004
7792833; fax:þ86 21 67792855.
(J. Ma).
Chinese Materials Researchmullite powders have been considered for optical, structural
and electronics applications [2], because of its interesting
physical and chemical properties: low thermal expansion, high
thermal stability, low density, low thermal conductivity, good
mechanical strength, creep resistance, thermal shock resistance
and good stability [3–5].
Mullite is composed of octahedral AlO6 chains aligned in
the c-direction and cross-linked by corner-shared AlO4 and
SiO4 tetrahedra [6]. The more stable stoichiometric crystalline
structures is orthorhombic, with unit cell parameters: a¼0.76
nm, b¼0.77 nm, and c¼0.29 nm. The crystal in the X-ray
diffraction has a doublet at 261 (2y-CuKa), referring to the
crystal planes 120 and 210 [7–9]. Another intermediate phasesting by Elsevier B.V. All rights reserved.
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with peaks in X-ray diffraction at 461 and 671 [10,11].
It is difﬁcult to obtain high density mullite ceramics for two
reasons. First, the low diffusivities of aluminum and silicon,
result in high sintering temperature (above 1600 1C) for the
formation of even ﬁne (0.1 mm) mullite powders [12,13].
Pressure assisted sintering treatments such as hot-pressing and
hot-isostatic pressing are usually necessary to reach a higher
density. Second, mullite-induced volume expansion retards the
sintering process [14]. This may be why reaction-sintered
mullite ceramics have relatively low sintering densities (80–
90% of theoretical density (TD)) after sintering at higher
temperatures [15].
Many efforts have been made to densify mullite. Adding
sintering additive is the most common and effective method.
In the mullite system, liquid-assisted sintering (LAS) mechan-
ism [16] is demonstrated by many sintering experiments.
Colloidal scale boehmite and silica mixtures are found to
sinter to high densities (about 95% of TD) at temperatures as
low as 1250 1C [17–20]. In this case, densiﬁcation is due to the
viscous ﬂow of amorphous silica before the formation of
mullite. Other reports showed that addition of Y2O3 or MgO
in the Al2O3–SiO2 system could generate a liquid phase during
the sintering treatment, which promoted the densiﬁcation of
mullite [21–24]. Amutha Rani observed that SrO promoted the
densiﬁcation of pure mullite via liquid phase sintering and that
clay assisted the viscous ﬂow sintering [25]. Diphasic gel-
derived mullite was densiﬁed by viscous ﬂow and titania was
found to enhance initial and intermediate stage of densiﬁca-
tion by reducing the glass viscosity [26].
In the present study, we presented the impacts of boehmite
sol on the crystallization behavior and densiﬁcation of mullite
formed from a sol–gel precursor. The sol–gel method was used
in the synthesis of mullite in order to obtain higher purity
single phase mullite at relatively low temperatures. Moreover,
boehmite sols were dispersed uniformly in the sol system,
which was different from the solid mixture. The result
indicated that boehmite changed the Al-environment around
Si component, and yield a higher density at relatively low
temperature by pressureless sintering.Scheme 1. Scheme of the synthesis r2. Experimental
2.1. Materials
Aluminum isopropylate (AIP), aluminum nitrate (AN), tetra-
ethyl orthosilicate (TEOS), and nitric acid were obtained from
Shanghai LingFeng chemical reagent Co. Ltd. All reagents
were of analytical grade and used without further puriﬁcation.
2.2. Preparation of mullite sol
Mullite sols were prepared using a sol–gel method described
elsewhere [27–29]. Aluminum nitrate (AN) and aluminum
isopropoxide (AIP) were used as aluminum source. Tetra-
ethylorthosilicate (TEOS) was used as silica source. In this
experiment, AN was dissolved in deionized water, then AIP
and TEOS were added successively. After stirring vigorously
for 20 h at room temperature, the transparent solution was
obtained. The mole ratio of [AIP]:[AN]:[TEOS]:[H2O] was
9:3:4:20. The solution was heated to 80 1C using an oil bath
under reﬂux to produce the mullite sol.
2.3. Synthesis of hybrid xerogels
Hybrid sols were prepared by adding boehmite sols (1 wt%,
2.5 wt%, 5 wt%, and 10 wt%, oxide content) into the mullite
sol. High-purity boehmite sol was synthesized by hydrolysis of
AIP. AIP was ﬁrst ground into ﬁne powders that was added into
the nitric acid solution. The solution was then heated to 90 1C
under reﬂux and vigorously stirring. The mole ratio of [H2O]:
[AIP]:[HNO3] was controlled as 100:1:0.1. The preparation
process is shown in Scheme 1. Mullite sols and hybrid sols were
dried in an oven at 105 1C, yielding mullite and hybrid xerogels.
2.4. Sintering of mullite xerogel and hybrid xerogels
The mullite xerogel and hybrid xerogels were pressurelessly
sintered from room temperature to setting temperatures at a
heating rate of 10 1C/min.oute for mullite and hybrid sols.
Table 1 Band locations and assignments for the mullite
xerogel.
Band locations (cm1) Band assignments
3436 –OH stretch
1629 –OH bend
1388 Nitrate groups
1162 Carbonaceous groups
964 Si–O stretch
836 Al–O stretch (AlO4)
582 Al–O stretch (AlO6)
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FTIR spectra of the xerogels were obtained with a NEXUS-
8700 system (Thermo Electron Company, USA) by the KBr
disk method. The TG/DSC measurements were carried out on
a STA409PC simultaneous thermal analyzer (Netzsch, Ger-
many) from 50 1C to 1200 1C under air atmosphere, and
heating rate was 10 1C/min. X-ray diffractometer (D/Max-
2550, RIGAKU, Japan) was used to identify the crystalline
phases, Ni-ﬁltered Cu Ka radiation, diffraction angles 5–701
in 2y with scanning rate 21/min. The microstructures of the
sintered mullite powders and the hybrid powders were
observed using a JSM 5600 LV scanning electron microscope
(JEOL, Japan). The density data were obtained using vacuum
solid density meter (Ultrapycnometer 1000, USA). Each
sample was measured for 10 times.3. Results and discussion
FTIR analysis was performed for the boehmite, mullite and
hybrid xerogels (Fig. 1). The hybrid xerogel (5 wt% boehmite
added) displays similar peaks as the pure mullite xerogel. It is
concluded that there are no new chemical bonds between the
boehmite and mullite sol particles. It is a physical mixing of
two different colloidal particles. The assignment of the peaks
of the mullite FTIR spectra is shown in Table 1.
Thermal behaviors of the mullite, boehmite and hybrid
xerogels are shown in Fig. 2. Fig. 2a and b shows DSC–TG
curves of the mullite xerogel and boehmite xerogel, respec-
tively. In Fig. 2a, the endothermic peak at 204 1C is assigned
to the loss of bound water and decomposition of nitrate [30],
with the corresponding weight loss of 21.2%. The endothermic
peaks at 315 1C is attributed to water loss from structural
hydroxyl groups in the precursor [30] and the burn-up of
organic components in alkoxides [31], with the weight loss
about 26.5%. The residual mass is 51.4%. Only one exother-
mic attributed to the metastable mullite can be found at
988.5 1C [32], which conﬁrms that the mullite sol is a single
phase precursor. In Fig. 2b, two endothermic peaks at 101 and
422 1C are due to dehydration and decomposition of volatiles
[33]. The exothermic peak at 1179 1C indicates the formation
of a-Al2O3 from boehmite.
With increase in the boehmite content, the mass loss of
hybrid xerogels reduces (Fig. 2c) and the peaks between 900500 1000 1500 2000 2500 3000 3500
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Fig. 1 FITR spectra of xerogels: (a) boehmite xerogel; (b) mullite
xerogel; and (c) hybrid xerogel with 5% boehmite sol.and 1000 1C are more intensive and wider than that of the
pure mullite (Fig. 2d). This is attributed to the fact that
boehmite could crystallize to g-Al2O3 at about 420 1C and
generate Al–Si spinel (6Al2O3  SiO2) at higher temperature
sintering in the form of epitactic growth [10]. It is coincidental
that Al–Si spinel has the same crystallization peak at 900–
1000 1C, which thus overlaps with the mullite peak. Obviously,
with the increase of boehmite content, the crystallization peak
shifts to a lower temperature direction. The detailed data of
residual mass rate in Fig. 2c and the crystallization peak data
in Fig. 2d have been given in Table 2.
The XRD results of mullite sintered at different tempera-
tures are shown in Fig. 3a. The formation of mullite is
negligible below 700 1C for pure mullite. The diffraction peaks
of mullite become more pronounced as the sintering tempera-
ture increases. Above 1200 1C, the characteristic peaks of
orthorhombic mullite with a doublet (Fig. 3b) corresponding
to the crystal planes (120) and (210) are clearly observed
[8,34,35].
The XRD patterns of hybrid xerogels sintered at 1200 1C
are shown in Fig. 4a. With increase in the boehmite content,
the Al–Si spinel peaks are more intensive, however, the mullite
peaks become weaker. It implies that the addition of boehmite
suppresses the formation of mullite metastable crystal struc-
tures (2Al2O3  SiO2). As shown in the TG–DSC curves, the
boehmite in the hybrid xerogels forms g-Al2O3 at about
420 1C. During the sintering treatment at high temperature,
Al–Si spinel phase tends to be formed ﬁrst with g-Al2O3 as
seed crystals because g-Al2O3 and spinel have the same cubic
crystal structures and similar lattice sizes. Comparing the
compositions of spinel (6Al2O3  SiO2) and mullite crystal
(3Al2O3  2SiO2), more Al component would be consumed in
the formation of spinel phase, which suppresses the formation
of mullite crystal structures. And the more boehmite addition,
the more formation of spinel, and the less formation of
mullite. The extra consumption of Al component also leads
to the formation of amorphous SiO2, which could be seen
from the weaker crystal peaks. The amorphous SiO2 exists in
the form of viscous ﬂuid at high temperatures, which is
beneﬁcial to the densiﬁcation of the mullite ceramic in the
sintering process.
Fig. 4b shows the XRD pattern of hybrid xerogels with
5 wt% boehmite at different sintering temperatures. It can be
seen for the hybrid xerogels sample, the mullite metastable
phase (2Al2O3  SiO2) begins to form at 900 1C. In contrast, the
mullite metastable phase can be clearly seen in the XRD
pattern of the pure mullite sintered at 700 1C (as shown in
Fig. 3a). The Al–Si spinel phase appears above 800 1C, with
Fig. 2 TG and DSC curves of xerogels: (a) TG–DSC curves of mullite xerogel; (b) TG–DSC curves of boehmite xerogel; (c) TG curves
of mullite xerogel and hybrid xerogels with different boehmite contents; and (d) DSC curves of mullite xerogel and hybrid xerogels with
different boehmite contents.
Table 2 The residual mass rates and crystallization temperatures of mullite xerogel and hybrid xerogels with different boehmite
contents.
Boehmite content (wt%) 0 1 2.5 5 10
Residual mass rate (%) 51.2 51.5 52.3 53.0 54.5
Crystallization temperatures (1C) 988.5 986.8 982.7 982.5 982.5
Fig. 3 XRD patterns of mullite sintered at different temperatures: (a) XRD patterns and (b) higher-magniﬁcation image of (a)
(M: mullite).
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Fig. 4 XRD patterns of xerogels: (a) mullite xerogel and hybrid xerogels with different boehmite contents sintered at 1200 1C; (b) hybrid
xerogel with 5 wt% boehmite at different temperatures; and (c) higher-magniﬁcation image of (b) (S:Spinel).
Fig. 5 SEM images of xerogels sintered at 1200 1C: (a) mullite xerogels ( 10.0 k) and (b) hybrid xerogel with 5 wt% boehmite
( 10.0 k).
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Fig. 6 Effect of boehmite contents on the densiﬁcation of mullite
sintered at 1200 1C.
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sample sintered at 900 1C, the diffraction intensity of spinel
peaks is relatively high, whereas the diffraction intensity of
mullite metastable phase is relatively low. With increasing
temperature from 900 1C to 1200 1C, the peaks of spinel phase
are getting weaker and weaker. However, the mullite meta-
stable phases get more intensive and transform to stable
stoichiometric structure at 1200 1C, with appearance of a
doublet (Fig. 4c). The results show that the addition of
boehmite increases the forming temperature of mullite phase
and restrains the premature generation of mullite phase.
It has been found that the densiﬁcation of mullite is related
to the viscous ﬂow of the amorphous phase before mullite
formation. As soon as mullite forms, the densiﬁcation imme-
diately stops until high temperatures are reached where further
densiﬁcation, if as possible, takes place by diffusion. So the
premature formation of mullite should be avoided as much as
possible in order to achieve high densities by viscous ﬂow
sintering [37]. The addition of boehmite promotes the forma-
tion of Al–Si spinel (6Al2O3  SiO2) phase, and suppresses the
mullite formation, which results in more amorphous SiO2 in
the system. The Si-rich phase is viscous ﬂow state, which
causes the engulfment of ﬁne pores (shown in Fig. 5) and
obtains much denser structures.
Fig. 6 shows the effect of boehmite contents on the
densiﬁcation of mullite. With increasing boehmite content,
the mean density increases ﬁrst and then decreases. The maxi-
mum density is reached with 5 wt% boehmite concentration.As the boehmite content increases, more spinel (6Al2O3  SiO2)
phase is generated, so that the rest of the domain is ﬁlled with
amorphous phase. When the content of boehmite exceeds a
critical volume, the amorphous phase exhibits anti-densiﬁcation.
A limited amount of boehmite favors the densiﬁcation of mullite,
which was in line with other works [23,38].4. Conclusions
Hybrid mullite xerogels were synthesized by a sol–gel method and
doped with boehmite sol. The impacts of boehmite sol on thermal
Pengchao Liu et al.150behavior, crystallization, microstructure and density were investi-
gated. No new chemical bonds are formed between the boehmite
and mullite sol particles, which indicates a simple physical mixing
of two different colloidal particles. With the addition of boehmite,
an Al–Si spinel (6Al2O3  SiO2) phase is formed before the
formation of mullite phase, which could lead to the formation
of amorphous SiO2 and suppress the premature formation of
mullite. The amorphous SiO2 exists in the form of viscous ﬂuid at
high temperatures, which is beneﬁcial to the densiﬁcation of the
mullite ceramic in the sintering process. The result shows that the
maximum density of 2.95 g/cm3 which is about 98% of the
theoretical density of mullite can be obtained with 5 wt%
boehmite addition.References
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